Introduction
============

Simian Virus 40 (SV40) large and small T-antigens (LT and st) transform cells by binding to a multitude of cellular proteins, most notably the tumor suppressors pRb and p53 and protein phosphatase 2A.^[@bib1],\ [@bib2]^ LT and st are produced from an alternatively spliced early viral pre-RNA in which the ∼2.2 kb LT and ∼2.5 kb st transcripts are generated by removal of a single intron between nucleotides 4918-4571 or nucleotides 4642-4571, respectively.^[@bib3]^ For decades, LT and st were considered to be the only two early region products; however a third protein, 17kT, was subsequently found to be co-expressed with LT and st in productively infected cells.^[@bib4]^ The 17kT is translated from a ∼1.5 kb transcript generated by removal of a second 746 bp intron from the LT transcript, resulting in a frame shift that generates a protein that is co-linear with LT for its N-terminal 131 amino acids with an additional four unique amino acids at its C-terminus. Given its co-linearity with LT, 17kT shares several regulatory domains with LT that mediate some of its most important functions including inactivation of Rb^[@bib5]^ and override of the Bub1-induced spindle checkpoint,^[@bib6]^ and as such, 17kT promotes cell cycle progression in the presence of st and complements LT J domain mutants that are defective for transformation *in vitro*.^[@bib7]^ However, when compared with full length LT, 17kT is only weakly transforming for cultured cells,^[@bib4]^ indicating that functions encoded downstream of amino acid 131 are required for LT\'s full transforming activity.

In this study, we describe a unique line of transgenic mice expressing a conditional liver-specific transgene that produces 17kT and st in the absence of any detectable LT, and compare and contrast it with an equivalent line of transgenic mice that co-expresses LT, 17kT and st. Our results demonstrate that 17kT and LT are functionally equivalent at promoting hepatocyte proliferation and driving hepatic hyperplasia, yet only LT induces hepatic dysplasia and promotes hepatocarcinogenesis demonstrating that LT\'s C-terminus is absolutely required for hepatocyte transformation. This is underscored by our demonstration that loss of the tumor suppressor phosphatase and tensin homolog (PTEN) fails to cooperate with 17kT for liver tumor development despite accelerating LT-induced tumorigenesis. By comparing and contrasting these two strains of mice, we identify molecular signatures associated with expression of 17kT and LT that provide insight into how LT\'s N- and C-terminal domains regulate gene expression to specify proliferation or transformation in quiescent primary epithelial cells *in vivo.* We also provide evidence that LT\'s C-terminus, most likely via formation of the LT/p53 complex, promotes transformation by partially re-programming the hepatic transcriptome.

Results
=======

ApoE-rtTA:TRE2-TAg line 6-1 transgenic mice express 17kT and st, but not LT
---------------------------------------------------------------------------

Bi-genic ApoE-rtTA:TRE2-TAg transgenic mice expressing the 2.7 kb SV40 early region in the liver in a doxycycline (dox)-dependent manner were generated as described in Materials and methods and [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}. Lines were established from founder mice 6-1 and 7-1, both of which exhibited Mendelian transmission of both transgenes. To assess dox-dependent hepatic expression of the SV40 transgene, wild-type (WT) and transgenic littermates from both lines were provided with drinking water supplemented with 10 or 25 μg/ml doxycycline (dox) for 4, 28 or 84 days. All treatment regimens resulted in hepatomegaly in transgenic mice of line 7-1; however only regimens of the longest durations induced liver growth in transgenic mice from line 6-1 ([Figure 1A](#fig1){ref-type="fig"}).

To determine if the slower rate of liver growth in line 6-1 reflected a lower level of viral oncoprotein expression, we immunoblotted liver lysates prepared from dox-treated 6-1 and 7-1 transgenic mice, together with lysates from transgenic mice expressing LT and st from the phosphoenolpryruvate carboxykinase (PEPCK) promoter (PEPCK-TAg)^[@bib8]^ and mice expressing st from a dox-inducible ApoE-rtTA:TRE2-st transgene (Comerford and Hammer, unpublished) with a panel of SV40-specific antibodies ([Figure 1B](#fig1){ref-type="fig"}). Antibody UT450, which recognizes LT and st,^[@bib9]^ detected the 97 kDa LT protein in liver extracts of mice from line 7-1 and phosphoenolpyruvate carboxykinase (PEPCK)-TAg mice but not 6-1 mice, and the ∼19 kDa st protein in liver extracts of phosphoenolpyruvate carboxykinase (PEPCK)-TAg and ApoE-rtTA:TRE2-st mice. However, the only protein recognized by UT450 in 6-1 livers was an abundantly expressed protein (labeled \*) that migrated at ∼17 kDa. Immunoblotting with pab101 and pab280, antibodies that recognize epitopes in the C-terminal 190 amino acids of LT or in st, respectively, confirmed the absence of LT in livers of 6-1 mice and expression of st in livers from all transgenic lines. Interestingly, despite the failure of UT450 to detect st in lysates from 6-1 or 7-1 mice, pab280 detected st in extracts from both, likely reflecting differences in protein/epitope conformation, antibody specificity, affinity or less abundant expression. Importantly, pab280 failed to recognize the ∼17 kDa protein in livers of 6-1 mice, suggesting that it was not a truncated st protein. Analysis with pab108, a monoclonal antibody that recognizes an epitope in LT\'s N-terminus and st also recognized the ∼17 kDa protein in livers of line 6-1 (data not shown).

On the basis of antibody recognition and size, we suspected that livers of line 6-1 mice either expressed 17kT or a severely truncated LT protein. To distinguish between these two possibilities, we analyzed total liver RNA isolated from mice of each line by Northern blotting using the entire SV40 2.7 kb early region as probe, which confirmed expression of the expected 2.2 kb LT and the 2.5 kb st transcripts in livers from 7-1 mice ([Figure 1C](#fig1){ref-type="fig"}). However, an abundant transcript of ∼1.5 kb (labeled \*) plus several larger, yet minor transcripts were evident in livers from 6-1 mice, none of which co-migrated with LT or st. Reverse transcription PCR (RT--PCR) of oligo-dT-primed cDNA generated from total liver RNA isolated from both the transgenic lines using a series of SV40 early-region-specific primers ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"} and [Supplementary Table S2](#sup1){ref-type="supplementary-material"}) confirmed the absence and presence of a full length LT transcript in livers of 6-1 and 7-1 mice, respectively, and expression of st in both the transgenic lines. RT--PCR also amplified a transcript of the expected size for 17kT in livers of 6-1 mice, which was subsequently confirmed as 17kT by direct sequencing of two independently generated amplicons ([Supplementary Results](#sup1){ref-type="supplementary-material"}; [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Finally, immunohistochemistry (IHC) with pab101 confirmed hepatocyte-specific expression of LT in livers of 7-1, but not 6-1 mice ([Figure 1D](#fig1){ref-type="fig"}). Thus, while livers of transgenic mice from the 7-1 line expressed all three oncoproteins encoded by the SV40 early region, livers from line 6-1 only expressed 17kT and st. For simplicity, ApoE-rtTA:TRE2-TAg transgenic lines 6-1 and 7-1 are herein referred to as 17kT and LT, respectively.

17kT and LT stimulate hepatocyte proliferation, but only LT induces hepatic dysplasia and promotes hepatocarcinogenesis
-----------------------------------------------------------------------------------------------------------------------

To determine whether the differences in dox-dependent liver growth in each of the transgenic lines ([Figure 1A](#fig1){ref-type="fig"}) reflected differences in hepatocyte size, proliferation or survival, we performed histological and IHC analysis of livers from transgenic mice from both the lines without dox or provided with dox for 4 days or 4 weeks. Histological analysis showed that the rapid growth of LT livers after just 4 days of dox treatment predominantly reflected increased hepatocyte size due to the induction of LT-dependent dysplasia, which was absent from livers expressing 17kT ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"} and [Supplementary Results](#sup1){ref-type="supplementary-material"}). IHC for proliferating cell nuclear antigen (PCNA) ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}) and terminal deoxynucleotidyl transferase dUTP nick end labeling analysis (not shown) showed that LT and 17kT both forced hepatocytes back into the cell cycle without significantly increasing apoptosis. Sustained dox treatment for 4 weeks also promoted uniform hyperplastic liver growth in both the lines, reflecting ongoing hepatocyte proliferation in 17kT livers and the replacement of large dysplastic hepatocytes with smaller, highly proliferative hepatocytes in LT livers ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). However, after ∼4--5 weeks of dox treatment, livers expressing LT began to exhibit multi-focal tumor development with 100% of mice exhibiting extensive tumor growth after ∼7.5 weeks. This, however, was in sharp contrast to livers expressing 17kT which remained hyperplastic and tumor-free, with only one mouse exhibiting tumor development before 14 weeks on dox ([Figures 2A and B](#fig2){ref-type="fig"}). Multi-focal hepatocellular carcinoma (HCC) also developed in 55% (6/11) of 24--30-week-old dox-naive 7-1 mice (data not shown), prompting us to analyze viral transcript expression in livers from dox-naive and dox-treated mice from both the lines by northern blotting, which confirmed that transgene expression was 'leaky\' in both ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). In contrast to 7-1 transgenic mice, however, leaky expression of 17kT had no significant effect on liver mass or hepatocyte morphology and failed to predispose to tumor development.

Although both transgenic lines had arisen from founders expressing viral pre-RNAs that differed in their ability to produce LT, we considered the possibility that the solitary tumors that developed in livers of 6-1 mice after long-term dox treatment might be due to the clonal expansion of rare LT-expressing cells. To determine if this was the case, we performed IHC with pab101 on sections of hyperplastic livers from 6-1 and 7-1 mice and on a solitary tumor-bearing 17kT-expressing liver ([Figure 2C](#fig2){ref-type="fig"}). While virtually all hepatocytes within the 7-1 liver demonstrated strong nuclear expression of LT (a), no LT was detected in hyperplastic 17kT liver (b. However, LT was expressed in nodular hepatocytes in the 17kT liver (c), albeit at a lower level than in the LT-expressing liver (a), confirming that rare LT-expressing hepatocytes had gained an oncogenic advantage and produced tumors within a background of 17kT-induced hyperplasia. Taken together, these results demonstrate that while 17kT is sufficient to drive hepatic hyperplasia, functions encoded in LT downstream of amino acid 131 are absolutely required for hepatocarcinogenesis.

LT, but not 17kT, re-establishes a fetal-like hepatic gene-expression program and alters the expression of multiple imprinted genes and growth regulators in adult liver
------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To gain insight into the molecular targets of 17kT and LT that could explain their differential tumor-inducing capabilities, we performed gene-expression array analysis of livers from WT and transgenic male mice from both the lines and compared their gene-expression profiles after inducing 17kT or LT with 25 μg/ml dox for 4 days, a regimen adopted to identify primary, rather than secondary targets of the viral proteins. Using a 3-fold cutoff for up- or downregulated genes, array analysis showed that despite the strikingly different hepatocyte morphologies induced by 17kT and LT after just 4 days of dox treatment, 635 of 1189 (53%) mRNAs were upregulated ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}), and 379 of 915 (41%) mRNAs were downregulated by both the viral proteins ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}), indicating that both viral proteins altered the expression of a common set of hepatic genes. mRNAs coordinately induced by 17kT and LT included those involved in DNA replication, mitotic regulation, cell cycle checkpoint monitoring and DNA repair, while those that were downregulated included mRNAs involved in lipid/lipoprotein metabolism, xenobiotic metabolism and hormone biosynthesis ([Figure 3](#fig3){ref-type="fig"}). Further analysis, however, revealed that many hepatic mRNAs also demonstrated differential regulation by each viral protein ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). For instance, LT preferentially induced the expression of mRNAs for histone genes, alpha-fetoprotein (afp), amy2, cd24a, prom1/CD133, h19, sox4, peg3, bex1, igf2 and c-Myc, while 17kT preferentially induced the expression of slitrk4, lmln, acot1, ak1 sulf2, ces5, psrc1/DDA3 and eda2r ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). Given the functional diversity of these mRNAs, however, bioinformatics analysis failed to assign the majority of these transcripts to distinct processes or pathways ([Figure 3](#fig3){ref-type="fig"}). Common or differential regulation by each of the viral proteins was subsequently confirmed by semi-quantitative RT--PCR for a subset of mRNAs preferentially induced by LT ([Figures 4A and B](#fig4){ref-type="fig"}), 17kT ([Figure 4C](#fig4){ref-type="fig"}) or 17kT and LT ([Figure 4D](#fig4){ref-type="fig"}) using primers and conditions listed in [Supplementary Table S5](#sup1){ref-type="supplementary-material"}.

Induction of h19, igf2, peg3, prom1/CD133 and rex3 in LT-expressing livers indicated that LT\'s C-terminus was preferentially altering the expression of mRNAs within the imprinted network and inducing HCC-associated markers.^[@bib10],\ [@bib11]^ Similarly, induction of mRNAs such as afp and cd24a suggested that LT was re-activating the expression of mRNAs highly expressed during fetal liver development^[@bib12],\ [@bib13],\ [@bib14],\ [@bib15],\ [@bib16],\ [@bib17]^ ([Supplementary Table S6](#sup1){ref-type="supplementary-material"}). To determine if LT was inducing the focal expansion of fetal hepatic stem cells that were not histologically discernible after just 4 days of dox treatment or was rapidly altering the differentiation status of the adult liver, we analyzed afp expression by IHC in livers of WT and transgenic mice from both the lines provided with dox for 4 days ([Figure 4E](#fig4){ref-type="fig"}). While no afp-positive cells were visible in WT livers, rare, solitary afp-positive hepatocytes could be seen in livers expressing 17kT (Inset). In contrast, the majority of the large dysplastic hepatocytes in LT-expressing livers demonstrated intense cytoplasmic afp staining, consistent with afp being the most highly induced mRNA in LT-expressing livers. IHC also confirmed that altered cell fate and differentiation correlated with LT-dependent tumor development after 5--6 weeks of dox treatment ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}; [Supplementary Results](#sup1){ref-type="supplementary-material"}). Taken together, these results show that while LT\'s N-terminus is sufficient to drive hepatic hyperplasia, induction of hepatic dysplasia and tumor development require C-terminal function(s) that drive the re-programming of adult hepatocyte gene expression to a more fetal-like state.

LT\'s C-terminus actively represses the expression of transcriptional targets induced by LT\'s N-terminus and binds and stabilizes p53 specifically in tumors
-------------------------------------------------------------------------------------------------------------------------------------------------------------

Although Rb inactivation activates p53 to counteract unscheduled E2F-dependent proliferation,^[@bib18],\ [@bib19]^ 17kT-expressing livers became hyperplastic, suggesting that 17kT either abrogated or circumvented the p53-dependent checkpoint. To determine if 17kT-expressing hepatocytes proliferated by preventing p53-dependent transcription or in spite of it, we compared mRNAs preferentially upregulated by 17kT with known p53 targets, interactors and with genes otherwise implicated in p53-dependent processes. As LT\'s C-terminus also inhibits p53-dependent transcription by preventing p53 from binding to DNA,^[@bib20],\ [@bib21]^ we also interrogated the arrays to determine the extent to which LT suppressed any p53 targets. [Supplementary Table S7](#sup1){ref-type="supplementary-material"} shows that of the 129 different mRNAs preferentially induced by 17kT, 26 (20%) have either been identified as *bona fide* p53 targets or are implicated in p53-dependent processes, demonstrating that 17kT promoted hepatocyte proliferation despite ongoing p53-dependent transcription. Moreover, LT actively suppressed or neutralized the expression of a subset of 17kT-induced mRNAs including slitrk4, lmln, ces5 and the p53 target, sulf2, implicating these as possible hepatic targets of LT-mediated repression of p53. Thus, while 17kT drives hyperplastic growth by disrupting Rb-E2F-dependent transcriptional control and overriding the p53-dependent checkpoint, LT\'s C-terminus promotes hepatic dysplasia and likely predisposes to tumorigenesis by disrupting Rb-E2F, re-programming hepatic gene expression and dominantly repressing a subset of mRNAs induced by its N-terminus.

Evidence indicates that the LT/p53 complex provides a gain-of-function mechanism for LT-dependent transformation that is distinct from inactivation of p53-dependent transcription.^[@bib22],\ [@bib23]^ However, data from *in vivo* mouse models expressing truncated or full length LT also suggest that certain cell types do not require LT\'s C-terminus or p53 binding for transformation.^[@bib24],\ [@bib25],\ [@bib26],\ [@bib27]^ To determine if p53 was stabilized and thus presumably required for LT-dependent liver tumorigenesis, we performed IHC on serial sections of tumor-bearing LT-expressing livers, hyperplastic 17kT-expressing livers and WT livers with LT- and p53-specific antibodies. Consistent with the short half-life of p53 in hepatocytes and the lack of LT expression in hyperplastic 17kT livers, neither p53 nor LT were detected in WT and 17kT livers (not shown). However, while LT was expressed in almost every hepatocyte in 7-1 livers ([Figures 5a](#fig5){ref-type="fig"}), it was most highly expressed in nests of hyperproliferating hepatocytes and tumor nodules. Interestingly, although p53 protein was also readily detectable in LT livers, it was most evident in nodular hepatocytes expressing the highest levels of LT ([Figures 5b](#fig5){ref-type="fig"}). The stabilization and co-localization of p53 and LT specifically in tumor nodules strongly suggests that both proteins interact and that the LT/p53 complex provides an oncogenic advantage for tumor development in the liver.

LT\'s C-terminus remains indispensable for SV40-induced hepatocarcinogenesis in the absence of PTEN
---------------------------------------------------------------------------------------------------

To determine if the failure of 17kT to induce liver tumors reflected the inability of LT\'s N-terminus to breach the oncogenic threshold for hepatocyte transformation or the absence of specific transforming elements in LT\'s C-terminus, we lowered the oncogenic threshold by introducing the 17kT or LT-expressing transgenes into a liver-specific PTEN-null (Δ-PTEN) background, an environment that is, by itself, permissive for hepatocarcinogenesis.^[@bib28],\ [@bib29]^ Upon obtaining mice with the requisite genotypes, cohorts of mice were placed on a 10 μg/ml dox regimen at ∼4 weeks of age to induce transgene expression and were monitored bi-weekly for the development of hepatomegaly and tumor development. Remarkably, dox-naive LT mice on a PTEN-deficient background developed hepatomegaly after 4--6 weeks ([Figures 6a and b](#fig6){ref-type="fig"}) and multi-focal HCC by ∼10 weeks of age ([Figure 6b](#fig6){ref-type="fig"}). Providing mice with dox not only increased the magnitude of LT-dependent hepatomegaly in the PTEN-deficient background after ∼2 weeks ([Figure 6b](#fig6){ref-type="fig"}), but also accelerated the development of HCC relative to PTEN-proficient mice ([Figure 6c](#fig6){ref-type="fig"}). This strong cooperation between LT and PTEN-deficiency was in complete contrast to 17kT, whereby PTEN-deficiency failed to have any effect on hepatic mass in the absence of dox (data not shown). PTEN-deficiency did, however, accelerate dox-dependent 17kT-induced hyperplasia ([Figures 6d and e](#fig6){ref-type="fig"}) and eventually promoted the development of solitary tumors in 2 of 12 mice, but only after \>6 weeks of dox treatment, most likely representing tumors that, again, developed from the selective outgrowth of LT-expressing hepatocytes. Subsequent analysis showed that although PTEN-deficiency failed to impact hepatocyte apoptosis (data not shown) or induce further alterations in hepatic differentiation in either transgenic line, PTEN-deficiency enhanced 17kT- and LT-dependent hepatocyte proliferation ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"} and [Supplementary Results](#sup1){ref-type="supplementary-material"}). Moreover, this appeared to be due, in part, to the increased production of the viral oncoproteins ([Supplementary Figure S8](#sup1){ref-type="supplementary-material"}).Thus, the ability of PTEN-deficiency to cooperate with LT, but not 17kT for tumor development in the liver demonstrates that LT\'s carboxy-terminus encodes oncogenic elements that are absolutely required for hepatocyte transformation, one of which most likely includes the ability to bind p53.

Discussion
==========

The unique line of transgenic mice co-expressing 17kT and st described in this report not only provided us with an opportunity to investigate the function of the naturally occurring 17kT protein in normally quiescent hepatocytes *in vivo*, but by comparing it with an equivalent line of mice expressing LT, we were also able to define functions and identify hepatic-specific genes and molecular signatures regulated by LT\'s N-terminus in the presence or absence of LT\'s C-terminus. Comparative analysis of both strains of mice demonstrated that despite the ability of 17kT and LT to commonly disrupt hepatocyte quiescence, drive hepatic hyperplasia and suppress hepatic function, only LT was capable of promoting hepatocarcinogenesis indicating that LT\'s C-terminus harbors oncogenic functions that are absolutely required for hepatocyte transformation. In addition to these shared signatures, we also identified a unique 17kT-associated signature that was of particular interest due to the fact that many of the 17kT-induced genes were known transcriptional targets of p53. This was significant in that it indicated that 17kT-induced hepatic hyperplasia was not only driven by E2F-dependent cell cycle activation, but also required an override of a p53-dependent checkpoint that is normally triggered by loss of Rb.^[@bib18],\ [@bib19]^ Moreover, the fact that this signature was evident in 17kT-, but not LT-expressing livers, indicates that this signature is dominantly suppressed by LT\'s C-terminus, consistent with LT-mediated abrogation of p53-dependent transcription.^[@bib20],\ [@bib21]^ While 17kT and LT both perturbed the expression of a multitude of transcriptional targets that reflected the action of LT\'s N-terminus on Rb-E2F-dependent control of both universally expressed and hepatic-specific mRNAs,^[@bib27],\ [@bib30]^ evidence suggests that the 17kT-associated p53 signature is somewhat cell-type dependent as a similar p53-associated signature has been reported in mouse embryo fibroblasts expressing the N-terminal LT mutant (LT~1--136~), but not in intestinal enterocytes expressing LT~1--136~.^[@bib26]^ Although the exact mechanism by which LT\'s N-terminus overrides the p53-dependent checkpoint is not well understood, it is thought to require binding of LT\'s N-terminus to Rb and/or the transcriptional co-activator p300.^[@bib31],\ [@bib32],\ [@bib33]^ Thus, the 17kT-specific signature not only reflects activation of p53 in response to loss of Rb, but also likely reflects the transcriptional output of the interaction of LT\'s N-terminus with Rb/p300.

Despite the fact that 17kT disrupted Rb-E2F-mediated transcriptional control, overrode the p53-dependent checkpoint and suppressed hepatic function, 17kT failed to promote tumor development in the liver, even in the absence of PTEN. This was in direct contrast to LT, which induced hepatic dysplasia, predisposed to tumorigenesis and induced a striking 're-programming\' signature. While a shift from an adult to a fetal gene-expression program is consistent with the idea that dysplasia and tumor predisposition are driven by altered differentiation and re-programming,^[@bib34]^ we emphasize that this signature was derived from dysplastic livers rather than tumors, although preliminary analysis of individual tumors for several of the most highly induced LT-specific mRNAs indicates conservation between dysplastic livers and tumors in terms of altered gene expression (unpublished data). We also note that 17kT and LT both suppressed a multitude of mRNAs involved in the regulation of hepatic function and metabolism, yet only LT altered hepatic differentiation, suggesting that hepatic function and differentiation are independently and coordinately regulated by LT\'s domains to simultaneously optimize proliferative capacity while reducing differentiation potential.

Although many cellular proteins bind to LT\'s C-terminus,^[@bib1]^ we propose that the LT/p53 interaction is not only the predominant driver of hepatic dysplasia and tumorigenesis in this model,^[@bib35]^ but is also responsible for the re-programming of hepatic gene expression. For instance, LT not only suppressed the expression of a subset of p53-dependent targets and other mRNAs that were induced by 17kT, but afp and H19, two of the most highly LT-regulated transcripts, are targets of p53-mediated transcriptional repression,^[@bib36],\ [@bib37],\ [@bib38]^providing additional evidence that p53-dependent transcription was compromised by LT. In addition, while p53 stabilization was clearly not required for 17kT-mediated override of the p53-dependent checkpoint, the striking correlation between stabilized p53 and high LT expression in tumor nodules provides compelling evidence that the LT/p53 interaction confers an oncogenic advantage for hepatocytes. Indeed, evidence suggests that the LT/p53 interaction provides a gain-of-function mechanism for LT-dependent transformation in certain cell types,^[@bib22],\ [@bib23],\ [@bib39]^ providing an explanation as to why forced expression of WT p53does not prevent LT-induced tumorigenesis^[@bib35]^ and why ablation of Rb and p53 is not sufficient to drive hepatocarcinogenesis in mice.^[@bib40]^ We also propose that the re-programming of hepatocyte gene expression by LT\'s C-terminus is directly related to the ability of LT to improve the efficiency of somatic re-programming,^[@bib41]^ either by inactivating p53,^[@bib42],\ [@bib43]^ or by inducing the pluripotency factor c-Myc,^[@bib44]^ which was markedly elevated in LT-expressing livers. However, as p300 and CBP bind to the LT/p53 complex^[@bib45],\ [@bib46],\ [@bib47],\ [@bib48],\ [@bib49]^ and LT and the related Adenovirus E1A protein promote epigenetic re-programming via p300/CBP,^[@bib50],\ [@bib51]^ it remains to be determined to what extent the LT-associated 're-programming\' signature reflects the transcriptional output from various LT-containing complexes.

Finally, although our data showing that 17kT is unable to fix the transformed state in hepatocytes when co-expressed with st or in the absence of PTEN is consistent with the weak transforming activity of 17kT *in vitro*,^[@bib4],\ [@bib7]^the reduced transforming activity of truncated nuclear LT mutants^[@bib27],\ [@bib52],\ [@bib53]^ and the absence of tumor development in Rb-deficient livers,^[@bib30]^ it contrasts sharply with the development of HCC in transgenic mice expressing the LT mutant *dl1137*.^[@bib54]^ However, as 17kT is localized to the nucleus^[@bib4]^ and *dl1137* lacks LT\'s nuclear localization signal and 17kT\'s C-terminal 14 amino acids, it is possible that both the proteins are functionally distinct. In speculating as to what the function of 17kT might be within the context of the SV40 virus, our data suggests that 17kT augments viral replication in the presence of LT or provides a fail-safe mechanism for DNA synthesis in its absence. Moreover, we show that unlike LT, which induces endoreduplication and promotes aneuploidy, genomic instability and dysplasia by uncoupling DNA replication from mitosis,^[@bib6],\ [@bib55],\ [@bib56]^ 17kT restricts DNA replication to a single round thereby maintaining coordination between DNA replication and mitosis, possibly via the induction of genes such as lmln;^[@bib57]^ a function that may be beneficial to the virus under certain conditions. These results emphasize the need to better understand cell and context-specific responses to LT and its domains.^[@bib24],\ [@bib27]^Additional studies aimed at clarifying the role of LT\'s C-terminus in cell-type dependent transformation and determining the extent to which transformation depends on formation of an LT/p53 complex or on re-programming via p300 or CBP should also help to elucidate novel pathways to transformation.

Materials and methods
=====================

Mouse strains and genotyping
----------------------------

ApoE-rtTA~M2~:TRE2-TAg transgenic mice expressing the SV40 early region under control of a liver-specific, doxycycline-inducible system were generated by co-injection of two transgenes; an ∼11 kb ApoE-rtTA~M2~ transgene in which the modified reverse tetracycline transactivator, rtTA^s^-M2^[@bib58]^ is cloned into the apoE expression cassette pLIV11,^[@bib59]^ and a 4.5 kb TRE2-TAg transgene consisting of the 2.7 kb SV40 early region cloned into pTRE2 (Clontech, Mountain View, CA, USA) ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). PTEN^lox/lox^ (Lesche *et al.*^[@bib60]^) and Alb-Cre mice^[@bib61]^ were obtained from The Jackson Laboratories (JAX) (Bar Harbor, ME, USA). Genotyping of mice^[@bib8]^was conducted using primers and conditions provided in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. All mouse experiments were approved by the UT Southwestern Institutional Animal Care and Use Committee.

RT--PCR and sequencing of SV40-specific transcripts
---------------------------------------------------

cDNA was synthesized from DNase 1-treated total liver RNA prepared from WT and ApoE-rtTA~M2~:TRE2-TAg transgenic mice provided with 25 μg/ml dox in drinking water for 4 days using superscript II reverse transcriptase (Invitrogen, Grand Island, NY, USA) and random hexamer primers (Roche, Indianapolis, IN, USA). One microliter of cDNA was used as template for PCR amplification using gene-specific primers and TAq Polymerase (Qiagen, Valencia, CA, USA) ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Confirmation of 17kT- and LT-regulated hepatic mRNAs identified by array analysis was obtained by semi-quantitative RT--PCR using primers sequences and PCR conditions described in [Supplementary Table S5](#sup1){ref-type="supplementary-material"}.

Preparation of liver proteins, liver RNA, immunoblotting and northern blotting
------------------------------------------------------------------------------

Preparation of liver proteins, total liver RNA, immunoblotting and northern blotting was performed as previously described in Comerford *et al.*^[@bib8]^ using antibodies and reagents are listed in [Supplementary Information](#sup1){ref-type="supplementary-material"}. Northern blotting was conducted using 12 μg of total liver mRNA pooled from at least three mice on the designated regimens for each experiment.

Immunohistochemistry
--------------------

IHC was performed as previously described in *Clouthier et al.*^[@bib62]^ using antibodies and reagents listed in [Supplementary Information](#sup1){ref-type="supplementary-material"}. For proliferating cell nuclear antigen (PCNA), pan-cytokeratin (pan-CK) and SV40 LT IHC, microwave-antigen-retrieval in citrate buffer pH 6 (Retrievagen A, \#550524, BD Biosciences) was performed for ∼15 min. Immunoreactive deposits were visualized by incubation with 3′-amino-9-ethylcarbazole (Invitrogen, 00-2007) for 2--10 min and sections were counterstained with hematoxylin QS (H-3404, Vector Laboratories, Burlingame, CA, USA).

Microarray processing and analysis
----------------------------------

cDNA synthesis, hybridizations and all processing steps were carried out at the University of Texas Southwestern Medical Center Microarray Core Facility, Dallas, TX, USA. The 17kT- and LT-regulated genes ([Supplementary Tables S3 and S4](#sup1){ref-type="supplementary-material"}) were obtained from microarray experiments using Affymetrix MG 430 2.0 gene chips (Affymetrix, Santa Clara, CA, USA) as previously described in Schultz *et al.*^[@bib63]^ Sample comparisons were performed using Genespring Version 5.1 (Silicon Genetics, Redwood City, CA, USA) and all probe sets with absent (A) calls in all samples were excluded. Lists of transcripts up- and downregulated⩾3-fold in transgenic livers relative to WT were generated for all probe sets. Changes in mRNA expression of listed genes in each table represent the average expression values for the given mRNA when multiple probe sets for the same mRNA were represented. Statistically overrepresented biological processes associated with 17kT- and LT-regulated genes were identified using Reactome Skypainter.^[@bib64]^ Affymetrix data have been submitted to GEO; accession number GSE5242.
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![Livers of ApoE-rtTA:TRE2-TAg transgenic mice (line 6-1) express 17kT and st, but not LT. (**A**) Newly weaned WT and transgenic male mice from lines 6-1 and 7-1 were provided with 10 or 25 μg/ml dox in drinking water for 4, 28 or 84 days. Mice were killed and weighed and % liver/body weight values calculated. *n*⩾4 mice/group. Error bars +/− s.e.m. \*\**P*\<0.05, \*\*\**P*\<0.001. (**B**) Immunoblot analysis of viral oncoprotein expression in livers of transgenic mice from line 6-1 and line 7-1. One-hundred microgram liver lysates prepared from WT (lane 1) and transgenic mice (lanes 2 and 3) provided with 25 μg/ml dox for 4 days were immunoblotted with SV40-specific antibodies UT450, pab101 and pab280. Lysates from a line of transgenic mice expressing a dox-inducible st transgene (ApoE-rtTA:TRE-st) (Comerford and Hammer, unpublished) (lane 4), and LT and st from the phosphoenolpyruvate carboxykinase (PEPCK) regulatory elements^[@bib8]^ (lane 5) were used as controls for LT and st expression. (**C**) Northern blot analysis of total liver RNA from WT (lane 1), line 7-1 (lane 2) and 6-1 (lane 3) transgenic mice provided with 25 μg/ml dox for 4 days. The membrane was hybridized to a p^32^-dCTP (deoxycytidine triphopsphate)-labeled probe comprising the entire 2.7 kb SV40 early region. The blot was stripped and re-probed with an oligonucleotide specific for 18S rRNA to verify equal loading of RNA. (**D**) IHC (3′-amino-9-ethylcarbazole chromagen) of liver sections from transgenic mice of line 7-1 (a, c) and line 6-1 (b, d) with the LT-specific antibody pab101 without hematoxylin (a, b) or with hematoxylin counterstain (c, d). Magnification × 112.](oncsis201227f1){#fig1}

![17kT is insufficient for HCC development. (**A**) Gross appearance of livers of WT (left) and ApoE-rtTA:TRE2-TAg transgenic mice expressing either 17kT (middle) or LT (right) provided with 25 μg/ml dox for 5.5 weeks. The 17kT liver is enlarged and uniformly hyperplastic while the LT liver is tumor-laden. (**B**) Kaplan--Meier curve of tumor-free incidence in livers of mice expressing 17kT and LT provided with 10 μg/ml dox. (**C**) IHC showing that tumors in livers of mice from line 6-1 develop from rare LT-expressing hepatocytes. IHC for LT in hyperplastic livers from mice from line 7-1 (a) and 6-1 (b) and from a tumor-bearing 6-1 mouse liver (dotted line defines nodule boundary) (c). Background staining in (b) and extra-nodular staining in (c) is evident due to non-specific secondary antibody staining as a consequence of extended length of incubation with chromagen (10 min vs 2 min), which was necessary to visualize the lower level of LT expressed in the nodule of the 17kT liver. 3′-amino-9-ethylcarbazole chromagen (orange/brown); no counterstain. Magnification × 112.](oncsis201227f2){#fig2}

![Gene-expression microarray profiling of 17kT and LT function in hepatocytes. Venn diagrams illustrating common and differential regulation of hepatic genes by 17kT and LT (⩾ 3-fold up (left (green/yellow)) or down(right (red/yellow))-regulated genes). In each case, the intersection between circles represents mRNAs coordinately regulated by 17kT and LT, while the left and right circles in each box represent genes preferentially regulated by 17kT or LT, respectively (see Materials and Methods for details). Genes were assigned to biological functions and processes using Reactome Skypainter ([www.reactome.org/cgi-bin/skypainter2](http://www.reactome.org/cgi-bin/skypainter2)).](oncsis201227f3){#fig3}

![Verification of altered hepatic gene expression in livers expressing 17kT or LT. Genes identified by array analysis as being altered in 17kT or LT livers were verified by semi-quantitative RT--PCR (**A, C, D**), Northern blotting (**B**) or IHC (**E**). Gene-specific oligonucleotides are listed in [Supplementary Table S5](#sup1){ref-type="supplementary-material"}. (**A**) RT--PCR analysis of developmentally regulated, imprinted and growth-related mRNAs preferentially induced by LT. (**B**) Northern analysis of total liver RNA using a p^32^-dCTP (deoxycytidine triphosphate)-labeled mouse c-Myc-specific probe, followed by a stripping and re-probing with an 18S rRNA oligonucleotide probe. (**C**) mRNAs preferentially induced by 17kT. (**D**) mRNAs coordinately induced by 17kT and LT. RT--PCR for cyclophilin A was used to verify equal input of cDNA into reactions. The same cyclophilin A panel is shown at the bottom of (**A**), (**C**) and (**D**). (**E**) IHC for α-fetoprotein (afp) of WT (a), 17kT (b) and LT livers (c) (3′-amino-9-ethylcarbazole chromogen (red) with hematoxylin counterstain (blue)), magnification × 112. Note isolated hepatocyte demonstrating strong afp immunoreactivity (inset, magnification × 224) in 17kT livers (b) and strong uniform afp immunoreactivity in LT livers (c). All analyses were conducted using livers of newly weaned male mice provided with 25 μg/ml dox for 4 days.](oncsis201227f4){#fig4}

![LT and p53 are specifically stabilized and co-localized in tumor nodules in livers of 7-1 mice. Five micrometers formalin-fixed paraffin-embedded serial sections from tumor-bearing LT-expressing livers of mice provided with 25 μg/ml dox for 5.5 weeks were subjected to immunohistochemical analysis for LT (**a, c, e**) and p53 (**b, d, f**). p53 is preferentially stabilized in nodular hepatocytes expressing the highest levels of LT. Magnification × 56.](oncsis201227f5){#fig5}

![Loss of PTEN sensitizes livers to LT-, but not 17kT-dependent HCC. (**a**) Graph of liver growth, (**b**) gross appearance and (**c**) Kaplan--Meier curve of tumor-free incidence in LT-expressing livers with and without PTEN. Note that loss of PTEN (Δ-PTEN) accelerates hyperplastic growth and HCC development in LT livers even in the absence of dox. (**d**) Graph of liver growth and (**e**) gross liver appearance of 17kT-expressing livers with and without PTEN. Loss of PTEN accelerates hyperplastic growth in 17kT livers, but does not sensitize to HCC. For (**a**), n⩾4 mice/group; for (**d**), n⩾5 mice/group. Error bars +/− s.e.m. \*\* *P*\<0.05, \*\*\**P*\<0.001.](oncsis201227f6){#fig6}

[^1]: Current address: Texas Tech University Health Science Center, Lubbock, TX, USA.
